Brain lateralization is hypothesized to improve the efficiency of information processing. Here, we found that some Myrmeleon bore antlion larvae showed individual asymmetry in righting from a supine to normal position over one side of their body, which can be considered a reflection of greater brain lateralization. We demonstrated that these behaviourally asymmetrical individuals showed improved learning abilities, providing novel evidence that brain lateralization leads to beneficial effects on cognitive functions.
Introduction
Brain lateralization is a well-known phenomenon, with certain brain functions involving one of the hemispheres more than the other [1] . Although it has long been studied exclusively in humans and other vertebrates [2] , lateralization research involving insects is increasingly popular, with bees recently proposed as models for such studies [3] . Sophisticated types of behavioural asymmetry, i.e. left/right sidedness in behaviour, which presumably reflect brain lateralization, are found in bees [4] [5] [6] . Nevertheless, other insects can also be used to study individual asymmetries (i.e. individual side biases) and the underlying brain lateralization, along with the benefits of lateralization, which are not fully understood. Functional improvements due to decreased interference in the brain and the promotion of parallel processing have been proposed as the main explanations for selection on the existence of brain lateralization [7, 8] , but the evidence is still scarce. Recent experimental studies show that chicks with asymmetric thalamofugal visual projections to their forebrains are better at performing two tasks simultaneously [9] , whereas locusts with probable lateralization of some brain regions involved in limb movement show increased motor control due to sidedness in forelimb use [10] . In addition, insects can be used for more detailed studies of population asymmetries (i.e. unequal proportions of left-and right-side biased individuals) [11, 12] . Populationwide asymmetries are hypothesized to stem from benefits provided by shared sidedness that outweigh the associated costs [13, 14] . Studying both social and non-social insects can thus elucidate the reasons underlying population asymmetries.
Here, we used antlion larvae to study behavioural asymmetry and the effect of the brain lateralization responsible for that asymmetry on larval cognitive functioning. Antlion larvae build pitfall traps for hunting ants in sandy areas [15] . They were long believed to show little or no behavioural plasticity, an opinion now challenged by accumulating evidence of their complex learning abilities [16 -18] . They are completely non-social; their interactions with conspecifics are limited to cannibalism (e.g. [19] ). Both of these points make antlion larvae interesting organisms for studying individual-and population-level behavioural asymmetries and brain lateralization. We tested them for asymmetry in righting from a supine to normal position (see electronic supplementary material, Video), a behaviour investigated in previous lateralization studies (e.g. [20] ). Considering the neural simplicity of antlion larvae, the strength of their behavioural asymmetry should indicate the level of their general brain lateralization, thus providing means of detecting individuals with more lateralized brains. We hypothesized that more biased individuals will perform better in a cognitive task than less biased individuals.
Methods
We collected 200 Myrmeleon bore larvae from the Błędowska Desert (Poland) and assessed preferences in their direction of righting behaviour in 20 trials (approximately 10 min between trials). In each trial, a single larva was placed inside an Eppendorf tube, which was then gently shaken. This resulted in the larva falling on its back, and we noted the direction (left or right) in which it righted itself. Then, we categorized larvae into two groups: (i) more lateralized (left turns occurring in 0 -5 or 15 -20 trials) and (ii) less lateralized (left turns occurring in 6 -14 trials). Afterwards, each larva was weighed. Twenty weight-matched groups of four larvae each were created, with each group comprising two more and two less lateralized individuals. These larvae were individually housed in paper boxes (13 Â 13 Â 4.5 cm) filled with sand, fed a single ant prey and left to acclimatize and build traps for 48 h. Within each group, one more lateralized and one less lateralized individual was assigned to the training treatment, and the other two larvae were assigned to the non-training treatment.
The experiment consisted of four blocks, each involving 2 days of training followed by a day of testing. Ants were placed in antlion pits four times per training day, at 2 h intervals between 10.00 and 18.00. During two of the four daily feedings, the prey was carefully taken from the larvae after capture, using forceps. Larvae in the training group were presented with a vibrational cue immediately following prey capture and before prey disappearance; larvae in the non-training group were presented with the vibrational cue 5 -10 min before or after prey capture, giving them no opportunity to learn the association between the cue and prey removal. Vibrational cues were delivered by 4.5 ml of sand falling from a funnel with attached plastic pipette tip directed towards the edge of the antlion pit. A small container (a metal pipe 4 cm in diameter) below the pipette prevented additional sand from accumulating in the box and enabled the conduction of vibrations. On each of the four test days, larvae received prey followed immediately by the vibrational cue. Larvae attempt to prevent prey loss by prey burial; thus, we noted whether each larva buried its prey in each test during the 3 min following the presentation of the cue. Larvae that initiated prey burial (i.e. started moving down into the sand) but stopped before finishing (i.e. the moment when the larva and its victim were no longer visible on the surface of the sand) were treated as showing no response.
Data from the first, second and third tests were used, after corrections using data from the second, third and fourth tests (respectively). Prey burial can occur spontaneously; corrections were made to exclude false-positive reactions, i.e. larvae that displayed prey burial in the former but not in the latter test were treated as if they showed no reactions in the former test. Thus, we only considered that larvae had buried prey if the prey were buried in two consecutive tests. Fisher's exact tests (FETs) were used to check for between-group differences in the number of larvae that buried prey. In addition, we performed memory tests. On days 3, 6 and 9 after the fourth test, with no reinforcement between tests, additional tests of prey burial were performed with trained larvae. We compared the results from the third test with the results from each memory test using FETs with alpha values adjusted down using experiment-wide Bonferroni correction for multiple comparisons to assess between-group differences in the memory of the learned association. In the experiment, two groups of four larvae were excluded due to a lack of functional traps. One additional group of four larvae was excluded from the third memory test for the same reason. Statistical analyses were conducted using two-tailed tests in STATISTICA v. 11 (StatSoft, Poland).
Results
We found that only 24% of the larvae showed either a left or a right asymmetry in righting (48 of 200 individuals, 38 right-sided and 10 left-sided). We did not analyse population-level asymmetry owing to the small overall number of asymmetric individuals found.
We present results only for the trained groups (more versus less lateralized larvae) because they are the focus of this study; the non-training treatment was designed solely to ensure that only trained individuals learned (see electronic supplementary material, Appendix, for results from the non-training treatment). The occurrence of prey burial was significantly higher among more lateralized larvae than among less lateralized ones in all three tests (figure 1). In the memory tests, we found that both more and less lateralized larvae performed worse at 6 and 9 days after the end of the experiment, and the two groups showed similar rates of memory loss (figure 2).
Discussion
Our results show that some antlion larvae display individual behavioural asymmetry, which implies that they possess pronounced brain lateralization. Furthermore, we demonstrate that more lateralized individuals have greater learning rsbl.royalsocietypublishing.org Biol. Lett. 13: 20160786 abilities, which is consistent with the idea that brain lateralization enhances brain functions [7, 8] . A few studies have tested this hypothesis (e.g. fruit flies with greater brain lateralization were demonstrated to possess superior memory [21] ), and we provide novel evidence supporting it. Additionally, our results are consistent with reports showing that antlions can associate vibrational cues with various events [16 -18] , providing further evidence suggesting that longstanding assumptions about the limited abilities of antlions for learning are false [15] .
The methods employed here (i.e. the categorization of individuals as more or less lateralized on the basis of a single behavioural measure) may be responsible for the low numbers of more lateralized individuals detected. However, if our methods are appropriate for detecting general brain lateralization in antlion larvae, then the rarity of lateralization suggests that it has high costs, unaffordable by most of the larvae [15] . Naturally, these costs need not be limited to energy constraints (e.g. costs of neural overdevelopment in one hemisphere) and may also involve behavioural costs associated with a side bias. For example, in fishes, more lateralized individuals showing eye-use asymmetry benefit in terms of performing two tasks simultaneously [22] , but these fish also pay costs when they are faced with tasks requiring matched information from both eyes [23] . Thus, it would be interesting to experimentally address the issue of the costs of brain lateralization in antlion larvae. Costs aside, clearer benefits of increased brain lateralization in antlion larvae should be examined, e.g. higher foraging success rates. Such a link might be expected because learning associated with foraging has been shown to shorten the duration of the vulnerable larval stage in antlions [17] .
Overall, using larval insects, we show that behavioural asymmetry stemming from brain lateralization is associated with superior cognitive performance, and this association supports the hypothesis that brain lateralization enhances individual functioning. rsbl.royalsocietypublishing.org Biol. Lett. 13: 20160786
